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Available data suggest that a copper-and zinc-containing dismutase (CuZnSOD) plays a signiﬁcant
role in protecting eukaryotic cells against oxidative modiﬁcations which may contribute to cell
aging. Here we demonstrated that depletion of CuZnSOD in Saccharomyces cerevisiae cells (Dsod1
cells) affected distinctly channel activity of VDAC (voltage dependent anion selective channel) and
resulted in a moderate reduction in VDAC levels as well as in levels of protein crucial for VDAC
import into mitochondria, namely Tob55/Sam50 and Tom40. The observed alterations may result
in mitochondriopathy and subsequently in the shortening of the replicative life span observed for
S. cerevisiae Dsod1 cells.
 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Superoxide dismutase (SOD) is regarded as a fundamental de-
fense against superoxide anion generated mainly by mitochondrial
respiration [1–4]. Two forms of SOD have been identiﬁed in
eukaryotic cells: a manganese-containing enzyme (MnSOD or
SOD2) located in the mitochondrial matrix and a copper-and-
zinc-containing enzyme (CuZnSOD or SOD1) located in different
cell types in various compartments; i.e. in cytosol, lysosomes, per-
oxisomes, and in the intermembrane space of mitochondria e.g. [5].
It is known that excessive or deﬁcient activity of MnSOD and CuZn-
SOD may be involved in etiology of some diseases. Therefore, it is
important to identify proteins protected by MnSOD and CuZnSOD
and to explain the mechanism of the protection.chemical Societies. Published by E
c-containing superoxide dis-
peroxide dismutase; VDAC,
complex, translocase of the
opogenesis of the mitochon-
ssembly machinery.It has been shown for Saccharomyces cerevisiae cells that one of
the protected proteins is VDAC (voltage dependent anion selective
channel) that is signiﬁcantly sensitive to oxidative damage [5,6].
Physiologically, VDAC functions as the major channel allowing pas-
sage of metabolites between the intermembrane space of mito-
chondria and the cytoplasm [7–11]. It is known that VDAC plays
a crucial role in ATP rationing, Ca2+ homeostasis, apoptosis execu-
tion and protection against oxidative stress. VDAC is also believed
to mediate expression levels of some mitochondrial proteins
[12,13] The protein may be present as isoforms encoded by sepa-
rated genes, displaying different channel-forming activities and
probably playing different roles. S. cerevisiae mitochondria express
two VDAC isoforms, of which only one has been proved to form a
channel [14,15]. The VDAC isoform, encoded by the POR1 gene, is
called VDAC1 (or porin 1) and its properties are highly conserved
among other species.
It has been shown that in the case of S. cerevisiae VDAC1
(termed here VDAC) the protective function of CuZnSOD is very
signiﬁcant [5]. Accordingly, it is known that in S. cerevisiae cells
CuZnSOD accounts for 90–95% of the total superoxide dismutase
activity and, consequently, a phenotype of SOD1-deleted mutant
(Dsod1) is much more pronounced than that of SOD2-deleted onelsevier B.V. All rights reserved.
450 A. Karachitos et al. / FEBS Letters 583 (2009) 449–455(Dsod2) [5,16]. Therefore, we evaluated the effect of SOD1 disrup-
tion in S. cerevisiae cells on VDAC channel activity and expression
levels. We found that SOD1 disruption affected VDAC conductance
and voltage dependence as determined by measurements in the
reconstituted system. We also revealed that Dsod1 mitochondria
contained lower levels of VDAC and proteins crucial for its import
into mitochondria; i.e. Tom40 and Tob55/Sam50. Thus, CuZnSOD is
an important element of a protein network that ensures proper
functions of mitochondria.
2. Materials and methods
2.1. Isolation of mitochondria
The following S. cerevisiae strains were used: the parental SOD1
strain SP-4 (MATa, leu1 arg4) and DSCD1-1C mutant (Dsod1) withFig. 1. Histograms of VDAC conductances calculated at a membrane potential of +10, +4
phase. (A) Wild-type VDAC; the data represent the mean conductances of the following
VDAC; the data represent the mean conductances of the following number of insertion ev
conductance increment G is observed.disruption of SOD1 gene (MATa, leu1 arg4 sod1::natMX). Yeast cells
were grown at 28 C in YPG medium (1% yeast extract, 2% peptone,
3% glycerol) at pH 5.5 to exponential phase (OD546 of 0.9 for Dsod1
and 1.1 for wild-type) or to stationary phase (OD546 of 1.8 for
Dsod1 and 2.0 for wild-type). Mitochondria were isolated accord-
ing to the published procedure [17]. The estimation of the integrity
of the outer membrane was based on the permeability of the mem-
brane to exogenous cytochrome c [18]. The calculated mean value
of the degree of the outer membrane intactness was 96% and 94%
for wild-type and Dsod1 mitochondria, respectively.
2.2. Isolation of VDAC
Isolation of the outer membrane of wild-type and Dsod1 mito-
chondria were performed according to the published procedure
[17]. The obtained outer membrane pellet was suspended in the0 and +70 mV. VDAC was isolated from mitochondria of cells in exponential growth
number of insertion events: 120 (10 mV), 108 (40 mV) and 94 (70 mV). (B) Dsod1
ents: 104 (10 mV), 104 (40 mV) and 94 (70 mV). P(G) is the probability that a given
A. Karachitos et al. / FEBS Letters 583 (2009) 449–455 451solubilisation buffer containing 3% Triton X-100, 10 mM Tris–HCl
(pH 7.0) and 1 mM EGTA and incubated for 30 min at 0 C. The sus-
pension was then loaded onto a dry hydroxyapatite/celite column
[19] and ﬁrst two fractions were collected. Before reconstitution,
the preparations of VDAC were checked by Western blotting with
anti-yeast antisera for the presence of marker proteins of mito-
chondrial compartments as well as for VDAC (not shown).
2.3. Conductance measurements in planar phospholipid membranes
The planar phospholipid membrane experiments were per-
formed according to the published procedure [20]. Membranes
were formed from 2% (w/v) solution of soybean asolectin dissolved
in n-decane, across a circular hole (surface area about 0.5 mm2) in
the thin wall of a Teﬂon chamber separating two compartmentsFig. 2. Histograms of VDAC conductances calculated at a membrane potential of +10, +4
phase. (A) Wild-type VDAC; the data represent the mean conductances of the following
VDAC; the data represent the mean conductances of the following number of insertion ev
conductance increment G is observed.(cis–trans) ﬁlled with unbuffered 1 M KCl, pH 7.0. The chamber
was connected with the recording equipment through calomel
half-cells. Preparations of VDAC were added in small aliquots (2–
9 ll) to the cis compartment. Cis also refers to the compartment
where the voltage was held. The ampliﬁed signal was monitored
with an oscilloscope and recorded on a strip chart recorder. The ob-
tained distributions of conductance values were tested by t-test
and they turned out to be signiﬁcantly different (not shown).
2.4. Other methods
Protein concentrations were measured by the method of Brad-
ford and albumin bovine serum, essentially fatty acid free, was
used as a standard. After SDS–PAGE, gels were stained with
Coomassie Brilliant Blue G-250 and blotted by the semi-dry trans-0 and +70 mV. VDAC was isolated from mitochondria of cells in stationary growth
number of insertion events: 106 (10 mV), 124 (40 mV) and 112 (70 mV). (B) Dsod1
ents: 93 (10 mV), 101 (40 mV) and 102 (70 mV). P(G) is the probability that a given
452 A. Karachitos et al. / FEBS Letters 583 (2009) 449–455fer method. The studied proteins were visualized by the ECL meth-
od following immunodecoration with anti-yeast proper antisera
and quantiﬁed by ScanPack 3. The applied antisera were kindly
provided by prof. W. Neupert (Tom40, ADP/ATP carrier and
Yge1), prof. R. Lill (CC1HL) and prof. T. Lithgow and prof. N. Pfanner
(Tob55). Statistical signiﬁcance of differences between levels of
studied proteins were tested by t-test. Respiration of mitochondria
was monitored at 25 C with a Rank oxygen electrode in an incuba-
tion volume of 0.5 ml.Fig. 3. The dependence of wild-type and Dsod1 VDAC on the applied potential. (A)
VDAC isolated from mitochondria of wild-type (open circles) and Dsod1 (closed
circles) cells in exponential growth phase. (B) VDAC isolated from mitochondria of
wild-type (open circles) and Dsod1 (closed circles) cells in stationary growth phase.
G/G0 is the ratio of the conductance (G) at a given voltage and the conductance (G0)
at the lowest applied potential (10 mV).3. Results and discussion
3.1. The probability of VDAC transition into low-conductance states is
distinctly higher in the case of Dsod1 mutant
It is known that in S. cerevisiae cells generation of superoxide
anion is inﬂuenced by a growth phase (e.g. [12]). Therefore, to
examine the effect of SOD1 disruption (i.e. CuZnSOD deﬁciency)
on channel-forming activity of VDAC1 (termed here VDAC) we iso-
lated the protein from wild-type and Dsod1 mitochondria of expo-
nential and stationary phase cells. The obtained distributions of
conductances recorded for VDAC preparations in 1 M KCl were
then used to calculate an average conductance. In the case of expo-
nential growth phase, a histogram obtained at membrane potential
of +10 mV for wild-type VDAC (Fig. 1A) revealed an average con-
ductance of 3.9 ± 0.3 nS. This denotes the dominance of a fully
open state and is consistent with published data (e.g. [7,21,22]).
An increase in the membrane potential to +40 mV and +70 mV dis-
tinctly changed distribution of wild-type VDAC conductance and
decreased the calculated values of average conductance to
2.6 ± 0.1 and 2.2 ± 0.1 nS, respectively, that correspond to domi-
nance of closed states. In the case of Dsod1 VDAC (Fig. 1B), a histo-
gram obtained at membrane potential of +10 mV revealed an
average conductance of 2.9 ± 0.1 nS. This value is distinctly lower
from that calculated under the same conditions for wild-type
VDAC and denotes a serious change in functional state of VDAC to-
wards dominance of closed states. An increase in the applied po-
tential to +40 mV and +70 mV caused further decrease in the
calculated values of average conductance to 2.0 ± 0.1 and
1.9 ± 0.1 nS, respectively. It means that for exponential growth
phase cells the probability of VDAC transition into low-conduc-
tance states is distinctly higher in the case of Dsod1 mutant.
Then, we tested whether the observed differences in VDAC con-
ductances between wild-type and Dsod1 would occur also in sta-
tionary growth phase. As shown in Fig. 2, the calculated values of
average conductance were as follows: for wild-type VDAC
(Fig. 2A) 3.8 ± 0.3 nS at +10 mV, 2.4 ± 0.2 nS at +40 mV and
2.0 ± 0.1 nS at +70 mV and for Dsod1 VDAC (Fig. 2B) 2.5 ± 0.2 nS
at +10 mV, 1.9 ± 0.1 nS at +40 mV and 1.8 ± 0.1 nS at +70 mV. Thus,
for both wild-type and Dsod1 VDAC slight changes of functional
states towards lower conductance closed states were observed
throughout growth, dependently on the applied potential. More-
over, in the case of Dsod1 VDAC the calculated values of average
conductance were distinctly lower in both growth phases. This
may result from the lack of protection against the protein oxidative
modiﬁcations, including carbonylation, observed for Dsod1 mito-
chondria (e.g. [5,23]). Thus, our results indicate that the lack of a
proper activity of CuZnSOD in S. cerevisiae cells promotes VDAC
closing, a situation known to be accompanied by changes of VDAC
selectivity toward cations [7,21]. This, in turn, probably imposes
deleterious effects on metabolite exchange between mitochondria
and cytoplasm. Interestingly, studies on different Dsod1 mutants
have shown that CuZnSOD plays also an important role in main-
taining normal replicative life span of S. cerevisiae [16]. Therefore,
one could hypothesize that a substantial shortening of the replica-tive life span observed for Dsod1 mutants may results from dis-
turbed function of mitochondria caused by improper
permeability of the outer membrane due to impairment of VDAC
function. Alternatively, lower conductance states of VDAC may
protect Dsod1 cells against superoxide anion release from the
intermembrane space of mitochondria to cytoplasm as VDAC was
shown to play a crucial role in the process [24]. This effect may
be protective in cases of excessive superoxide release but perhaps
perturbs mitochondria dependent redox signaling [25]. On the
other hand, because the amount of reconstituted VDAC protein
inﬂuences only the frequency of insertion events but does not af-
fect distribution of conductance one could speculate that changes
inDsod1 VDAC activity are caused by superoxide anion itself. Thus,
VDAC might serve as a sensor for mitochondrial superoxide anion
levels.
3.2. The voltage dependence of VDAC is less pronounced in the case of
Dsod1 mutant
The differences between the values of average conductance cal-
culated for wild-type and Dsod1 VDAC in both growth phases de-
creased with the increase of the applied membrane potential.
The effect of the increasing membrane potential as well as lower
values of average conductance obtained in the case of Dsod1 VDAC
may result from changes in voltage dependence, apparently caused
Fig. 4. Levels of VDAC1 (termed here VDAC) and other studied proteins in wild-type and Dsod1mitochondria isolated from cells in exponential and stationary growth phases.
(A) Typical results of Western blot of the studied mitochondria with anti-Saccharomyces cerevisiae mitochondrial protein antisera. Yge1 was used as a loading control. To
check the linear range of Western blot quantitative analysis different amounts of mitochondria were applied. (B) An example of the quantitative analysis of the Western blot
results obtained with 10 lg of the studied mitochondria. Data are mean values ± S.E.M. of six independent experiments. Protein levels were quantiﬁed by ScanPack 3.
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observed in reconstitution systems and is deﬁned as the probabil-
ity of channel occurrence in a given conductance state depending
on the value of the applied potential. When the dependence is de-
scribed as a symmetrical one, the sign of the applied potential is
not important for the observed effect [7,21,22]. As shown in
Fig. 3, for VDAC isolated from wild-type and Dsod1 cells in expo-
nential phase (Fig. 3A) and in stationary phase (Fig. 3B), an increase
in the value of the applied potential facilitated closure of the stud-
ied channels, which resulted in a decrease in the value of average
conductance calculated for a given potential (G). This, in turn,
caused a decrease in the value of the ratio G/Go, where Go denotes
average conductance at the lowest applied potential (10 mV). The
sign of the applied potential did not inﬂuence these changes and
the voltage dependence occurred for VDAC isolated from both
wild-type and Dsod1 cells in both growth phases. However, in
the case of Dsod1 VDAC the voltage dependence was less pro-
nounced than that of wild-type VDAC. The weakening of the volt-
age dependence of Dsod1 VDAC was particularly visible during
stationary growth phase that coincided with the decrease of the
applied potential effect on the obtained values of average conduc-
tance (Figs. 1 and 2). Thus, in the absence of functional CuZnSOD,
the voltage dependence of VDAC becomes weaker although simul-
taneously the channel is modiﬁed to assume lower conductance
states that points at an impairment of VDAC gating mechanism.
Accordingly, it has been shown for mouse VDAC2 that mutation
neutralizing the voltage sensor results in a channel that lacks volt-
age gating and displays lower conductance [26]. On the other hand,VDAC gating could be altered indirectly through the lipid environ-
ment surrounding the protein (e.g. [27]). Since VDAC preparations
applied for the reconstitution might contain tightly-bound lipids
[28], the absence of functional CuZnSOD might contribute to their
changes that in turn might result in changes of their regulatory
properties. Nevertheless, VDAC gating is currently regarded as
the major mechanism of the mitochondrial outer membrane per-
meability control [27]. Thus, in Dsod1 mitochondria the control
might be severely affected.
3.3. The levels of VDAC is reduced in Dsod1 mitochondria
Since a moderate decrease in VDAC levels was observed for
mitochondria of mice deﬁcient in CuZnSOD [29], we decided to
compare levels of the protein in wild-type and Dsod1 S. cerevisiae
mitochondria. Because t test (at a = 0.01) used to analyse the ob-
tained values of Yge1 levels (Fig. 4) indicated that the observed dif-
ferences between wild-type and mutant mitochondria as well as
the mitochondria isolated from cells in exponential and stationary
growth phases were not statistically signiﬁcant we applied Yge1 as
a loading control. Simultaneously, the same kind of analysis per-
formed for other studied proteins shown in Fig. 4 indicated that
the observed differences were statistically signiﬁcant. As shown
in Fig. 4, the levels of VDAC decreased in both types of the studied
mitochondria when the cells shifted from exponential to station-
ary growth phase; however, in the case of both growth phases
VDAC levels were distinctly lower in Dsod1 mitochondria. VDAC
deﬁciency has been reported to result in mitochondriopathy [11]
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Thus, one could conclude that substantial shortening of the repli-
cative life span reported for Dsod1 S. cerevisiae cells [16] may in-
volve the observed moderate reduction in VDAC levels in
mitochondria besides distinct alterations of the protein channel
activity. On the other hand, it has been suggested for liver mito-
chondria of mice deﬁcient in CuZnSOD, that a considerable de-
crease in a protein activity without a signiﬁcant decrease in the
protein level points at an increase of the protein oxidative modiﬁ-
cation [29]. Furthermore, reduction in VDAC levels observed for
the mice mitochondria has been regarded as a marker of oxidative
damage caused by the absence of functional CuZnSOD [29]. There-
fore, an increase in oxidative modiﬁcation of VDAC in Dsod1 mito-
chondria might trigger proteolytic degradation. It is also possible
that the absence of functional CuZnSOD results in an impairment
of VDAC import machinery, so we decided to check in the studied
mitochondria levels of mitochondrial proteins crucial for VDAC
import, namely Tom40 and Tob55/Sam50 [31,32]. These proteins
are subunits of two distinct complexes located in the mitochon-
drial outer membrane; i.e. the TOM complex and the TOB/SAM
complex, respectively (for review see, for example [33]). As shown
in Fig. 4, the levels of Tom40 decreased in both wild-type and
Dsod1 mitochondria when the cells shifted from exponential to
stationary growth phase but in the case of both growth phases
Tom40 levels, likewise VDAC levels, were distinctly lower in Dsod1
mitochondria. The levels of Tob55/Sam50 were also lower in
Dsod1 mitochondria when compared to wild-type mitochondria;
however, during the stationary growth phase the levels of the pro-
tein increased in both types of mitochondria, although very
slightly in Dsod1 mitochondria. The observed moderate reduction
in Tob55/Sam50 and Tom40 levels occurred in Dsod1 mitochon-
dria independently of the studied growth phase and may result
in impaired import of VDAC into the mitochondria. Interestingly,
the levels of Tom40 decreased when wild-type and Dsod1 cells
shifted from exponential to stationary growth phase, whereas
the levels of Tob55/Sam50 increased in both types of mitochondria
under the same conditions. Since the TOB/SAM complex is crucial
for the biogenesis of functional VDAC (e.g. [32]) and the TOM com-
plex [34], one could conclude that the decrease in VDAC and
Tom40 levels leads to increase in levels of the TOB/SAM complex
subunits to enhance VDAC and Tom40 import into the mitochon-
drial outer membrane.
Summing up, this work has revealed for the ﬁrst time the
important role of CuZnSOD in controlling channel activity and lev-
els of VDAC. Lower values of average conductance as well as de-
creased voltage dependence and reduced levels of VDAC
observed in the absence of functional CuZnSODmay contribute sig-
niﬁcantly to shortening of the replicative life span of S. cerevisiae
Dsod1 cells. Moreover, we demonstrated that depletion of CuZn-
SOD affected also levels of the mitochondrial outer membrane pro-
teins crucial for VDAC import into mitochondria.Acknowledgments
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